The 3 Akt protein kinase isoforms have critical and distinct functions in the regulation of metabolism, cell growth, and apoptosis, yet the mechanisms by which their signaling specificity is achieved remain largely unclear. Here, we investigated potential mechanisms underlying Akt isoform functional specificity by using Akt2-specific regulation of glucose transport in insulin-stimulated adipocytes as a model system. We found that insulin activates both Akt1 and Akt2 in adipocytes, but differentially regulates the subcellular distribution of these Akt isoforms. The greater accumulation of Akt2 at the plasma membrane (PM) of insulinstimulated adipocytes correlates with Akt2-specific regulation of the trafficking of the GLUT4 glucose transporter. Consistent with this pattern, Akt constructs that do not accumulate at the PM to the same degree as Akt2 fail to regulate GLUT4 translocation to the PM, whereas enhancement of Akt1 PM association through mutation in Akt1 PH domain is sufficient to overcome Akt-isoform specificity in GLUT4 regulation. Indeed, we found that this distinct insulininduced PM accumulation of Akt kinases is translated into a differential regulation by the Akt isoforms of AS160, a RabGAP that regulates GLUT4 trafficking. Our data show that Akt2 specifically regulates AS160 phosphorylation and membrane association providing molecular basis for Akt2 specificity in the modulation of GLUT4 trafficking. Together, our findings reveal the stimulusinduced subcellular compartmentalization of Akt kinases as a mechanism contributing to specify Akt isoform functions.
I
n response to extracellular stimuli, Akt kinases orchestrate fundamental cellular processes such as metabolism, proliferation and survival (1) . Despite a growing knowledge regarding the basic mechanisms of Akt activation (2) , how Akt signaling combines versatility and specificity to regulate such a diverse array of cellular functions is largely unknown. Analyses of Akt isoform-specific knockout mice have revealed different physiological roles of the Akt isoforms (3) . One of the crucial functions of Akt is the modulation of glucose homeostasis in response to insulin (4), a process that specifically relies on Akt2 (5, 6) . Insulin regulates glucose uptake in muscle and fat by inducing the redistribution of the GLUT4 glucose transporter from intracellular sites to the PM (7) . Despite the fact that adipocytes express both Akt1 and Akt2, insulin-stimulated GLUT4 translocation and glucose uptake is primarily impaired after Akt2 knockout or knockdown (5, (8) (9) (10) (11) [supporting information (SI) Fig. S1 A and  B) . Moreover, overexpression of Akt2, but not Akt1, rescued impaired insulin-regulated glucose transport in Akt2-null adipocytes (8) . However, not all insulin-mediated Akt signaling is isoform specific. For example, both Akt1 and Akt2 have roles in insulin regulation of GSK3␤ in adipocytes (9) (Fig. S1C) . Thus, insulin regulates both Akt1 and Akt2 in adipocytes, leading to common and isoform-specific responses. Akt isoform-specific signaling could arise from various mechanisms, including differences in kinase activation, subcellular localization in response to stimulus, substrate specificity or a combination of those factors. To date the mechanisms that specify Akt isoform specificity in insulin signaling are unknown.
In this study we investigated the mechanisms defining Akt isoform-specific signaling by using Akt2 regulation of insulininduced glucose transport in adipocytes as a model system. By using quantitative fluorescence microscopy in live adipocytes we found that insulin induces a differential subcellular localization of the Akt1 and Akt2 isoforms. The preferential accumulation of Akt2 at the plasma membrane of insulin-stimulated adipocytes translates into differential substrate specificity and the ability of Akt2 to regulate the trafficking of GLUT4. Therefore, we propose the control of Akt2 subcellular compartmentalization as a mechanism contributing to Akt isoform-specific signaling in adipocytes.
Results and Discussion

Insulin Differentially Regulates the Subcellular Distribution of Akt
Isoforms. To investigate the mechanisms underlying Akt isoform specific signaling we measured the activation of Akt1 and Akt2 in response to insulin in 3T3-L1 adipocytes stably expressing Flag epitope-tagged Akt1 or Akt2 (Fig. 1A) . Akt is activated downstream of PI3-kinase by phosphorylation at Thr 308/9 and Ser 473/4 (Akt1 and Akt2, respectively). Both isoforms showed a robust and sustained phosphorylation at these sites ( Fig. 1 B and C) . In vitro Akt activity measurements by using a GSK3␤ fusion peptide revealed that both isoforms were maximally activated after 5 min of insulin stimulation (Fig. 1D) . Although the activity levels of both isoforms were sustained Ͼ30 min, Akt1 activity levels were significantly higher. Consequently, the specific requirement for Akt2 in insulin-induced glucose uptake cannot be explained by a preferential activation of Akt2 by insulin or by the kinetics of Akt2 activation in response to insulin.
It is well known that activation of Akt is mediated by its recruitment and phosphorylation at the PM in response to PI3-kinase activation (12) (13) (14) (15) . Upon activation, Akt might translocate to different cellular compartments to phosphorylate its substrates (15) . We next investigated whether Akt isoformspecific signaling to GLUT4 arises from distinct spatial distributions of the isoforms. We analyzed the effect of insulin on the recruitment and accumulation of Akt1 and Akt2 at the PM of intact adipocytes by using quantitative total internal reflection fluorescence (TIRF) microscopy. In TIRF microscopy only fluorophores within the evanescent field (Ϸ200 nm of the dorsal membrane) are excited, whereas in epifluorescence all fluorophores within cells are excited. The ratio of the TIR fluorescence to epifluorescence per cell is proportional to the fraction of fluorophores located within Ϸ200 nm of the dorsal membrane, thereby providing a quantitative measurement of fluorophores located at the PM environment. In unstimulated (basal) adipocytes, similar fractions of Flag-Akt1 and Flag-Akt2 were in the evanescence field; however, after insulin stimulation, a significantly greater fraction of Akt2 accumulated at the PM (Fig. 1E) . The effect of insulin in Akt2 accumulation in the evanescence field was blocked by the PI3-kinase inhibitor wortmannin (Fig.  S2) , indicating that the changes in Akt accumulation at the PM are in response to PI3-kinase activation.
We next used TIRF video time-lapse microscopy to monitor the accumulation of GFP-tagged Akt isoforms at the PM of live cells (Fig. 1F) . Serum-starved adipocytes displayed similar fractions of total Akt1-GFP and Akt2-GFP in the vicinity of the PM (Fig. 1G) ; in agreement with our observations in fixed cells using the Flag-tagged Akt constructs (Fig. 1E) . Insulin-stimulation promoted the redistribution of both isoforms to the PM (Fig. 1H , Movie S1 and Movie S2). Importantly, quantification of TIRF intensity from time-lapse measurements demonstrated that upon stimulation with insulin, Akt2 accumulated at the PM to approximately twice the level of Akt1 (Fig. 1H ). These results demonstrate a differential effect of insulin on the subcellular localizations of the Akt isoforms.
Akt translocation to the plasma membrane is mediated by PH domain binding to PM phosphadidylinositides (PtdIP3) generated upon PI3-kinase activation (12) (13) (14) . The PH domain is connected to the catalytic-carboxyl hydrophobic domains of Akt by a linker region ( Fig. 2A) . To determine whether the PH domains are responsible for the differences in Akt isoform PM targeting, we generated constructs containing the PH-linker domains of Akt1 (PHL-Akt1) and Akt2 (PHL-Akt2) (Fig. S3) . In unstimulated adipocytes, the PH-linker domain of Akt2 accu- (F) Time-lapse TIRF microscopy of Akt1-GFP and Akt2-GFP. Images were acquired every min for 35 min, 10 nM insulin was added after 4 min of recording. The average GFP intensity for each cell in the first frame has been subtracted and the pseudo colored images have been equally scaled to allow direct comparison of insulin-induced changes in TIRF for the different constructs. Pseudo color is from purple (low signal) to red (highest signal). (G) Quantification Akt1-GFP and Akt2-GFP TIRF versus epifluorescence in live adipocytes in basal conditions. The data are normalized to the Akt2-GFP TIRF/Epifluorescence ratio. Each data point represents the mean Ϯ SE, n Ն 120 cells. (H) Quantification of time-lapse TIRF microscopy of GFP, Akt1-GFP, and Akt2-GFP. TIR GFP fluorescence for each cell was measured in every frame, background fluorescence was subtracted and fluorescence was normalized to the first frame TIRF value. The data shown are the mean Ϯ SE, n Ն 12 cells. mulated at the PM to a higher extent than that of Akt1 (Fig. 2B ). Those differences were abolished by wortmannin treatment, indicating that basal PI3-kinase activity is required for the difference in Akt PH-linker domain PM binding in unstimulated cells (Fig. S4) . Despite the increased accumulation of PHL-Akt2 at the PM of unstimulated cells, both PHL-Akt1 and PHL-Akt2 constructs were recruited to the PM with indistinguishable kinetics in response to insulin (Fig. 2C) . It is of interest to note that both the Akt1 and Akt2 PH-linker constructs accumulated to a greater degree at the PM of serum-starved cells than did either full length Akt isoform (Fig. 2B ). These data indicate that the catalytic-carboxyl hydrophobic domains have a role in reducing Akt PM association in unstimulated cells. The negative contribution of the catalytic-carboxyl hydrophobic domains to Akt PH domain PM targeting might facilitate the inhibition of full length Akt in the absence of stimulus. These observations are consistent with the proposal that inactive Akt is in a ''closed'' conformation in which the PH and catalytic domains interact.
This conformation would reduce PH domain-mediated PtInsP3 binding at the PM and thereby impede Akt activation (15, 16) .
A priori the increased PM targeting of the Akt2 PH-linker domain (Fig. 2B ) could be responsible for the greater accumulation of Akt2 at the PM of insulin-stimulated cells. To test this hypothesis we characterized the behavior of Akt chimeras in which the PH-linker domains of Akt1 and Akt2 were swapped (Akt12 and Akt21) ( Fig. 2 A and Fig. S3 ). In serum-starved adipocytes both chimeras accumulated near the PM to the same degree as WT Akt2 (Fig. 2D ). Both chimeras were recruited to the PM and phosphorylated in response to insulin (Fig. 2 E and  F) . However, neither chimera accumulated at the PM in response to insulin to the extent of WT Akt2 (Fig. 2 E and G) . The failure of the Akt21 chimera to recapitulate the insulin-induced PM localization of Akt2 strongly indicates that the Akt2 PHlinker domain by itself does not determine the increased accumulation of Akt2 at the PM of insulin-stimulated adipocytes.
All together our data suggest that in addition to PH domain- In each experiment the surface-to-total GLUT4 distribution was normalized to that of control cells stimulated with 1 nM insulin.
mediated PtInsP3 binding, interactions of other portions of Akt2 with regulatory/effector molecules is crucial in determining the distinct Akt2 PM accumulation. Consistent with our findings, recent studies indicate that structural changes after Akt activation (17) and interactions with regulatory molecules (18, 19) determine Akt subcellular localization. Of particular relevance is the recent report that showed an interaction between Akt catalytic-regulatory domain and ClipR-59 stabilized Akt at the PM upon insulin stimulation (20) . Thus, an interaction between Akt2 with ClipR-59 might contribute to the distinct localization of Akt2 at the PM that we demonstrate here.
Our data establish that a single Akt domain does not mediate the preferential accumulation of Akt2 at the PM of insulinstimulated adipocytes. In contrast to our findings, a recent study has shown that the Akt1 linker domain determines Akt1 targeting to the leading edge of migrating fibroblast (21) . These differences in requirements for the targeting of Akt1 and Akt2 to the PM of different cells under different stimuli underscore the complexity of Akt signaling regulation, and suggest that cell type and/or stimulus-specific mechanisms determining Akt isoform-signaling specificity might exist to confer the signaling flexibility required to modulate cellular responses as diverse as cell migration, proliferation or glucose homeostasis.
Insulin-Induced Akt2 Accumulation at the PM Determines Akt2 Specific Regulation of GLUT4 Trafficking. We next sought to investigate whether the distinct PM distribution of the Akt isoforms correlates with the ability of these kinases to regulate GLUT4 trafficking. Insulin-induced GLUT4 translocation is specifically dependent on Akt2-mediated signaling. Therefore, if the greater accumulation of Akt2 at the PM is essential for Akt isoformspecific signaling, then neither Akt1 nor the Akt chimeras, despite being activated by insulin, should signal to GLUT4. To test this hypothesis we determined whether the Akt chimeras would rescue impaired insulin-induced GLUT4 PM translocation in Akt2-knockdown adipocytes. Although, Akt1, Akt2 and both chimeras were well expressed in the Akt2-knockdown adipocytes, only ectopically expressed Akt2 rescued the GLUT4 translocation defect in Akt2-knockdown adipocytes ( Fig. 2 H  and I) . These results establish that the enhanced accumulation of Akt2 at the PM of adipocytes is necessary for insulin-induced GLUT4 translocation. However, these results do not eliminate the possibility that in addition to stimulus-induced increased PM localization other factors are required for Akt2 specific signaling to GLUT4.
A mutation in the PH domain of Akt1 (Akt1 E17K ), which leads to pathological accumulation of Akt1 at the PM and enhanced Akt activity, has been identified in human cancers (22) . The Akt E 17 K mutation allows us to further test our hypothesis that insulin-stimulated enrichment of Akt2 at the PM is sufficient for signaling to GLUT4, because our hypothesis predicts that enhanced PM localization of Akt1 E17K would overcome Akt isoform specificity in regulation of GLUT4 translocation to the PM. In vitro kinase activity of Flag-tagged Akt1 E17K and Akt2 E17K mutants isolated from unstimulated adipocytes was significantly higher than that of WT Akt2, demonstrating that the E 17 K mutation induced basal activation of both isoforms (Fig. 3A) . Insulin stimulation further increased the activity of the mutants, establishing that the Akt E17K mutants are under dynamic regulation by extracellular stimuli (Fig. 3A) . In serum-starved adipocytes, both Akt1 E17K -GFP and Akt2 E17K -GFP accumulated at the PM to a significantly greater extent than WT Akt2-GFP, and insulin stimulated a further increase in Akt1 E17K and Akt2 E17K at the PM (Fig. 3B) . The behaviors of the mutant's links increased Akt activity with PM accumulation in both basal and stimulated conditions. Transient over-expression of either Akt1 E17K or Akt2 E17K induced GLUT4 translocation to the PM in serumstarved adipocytes (Fig. 3 C and D) . The distribution pattern of GLUT4 in unstimulated adipocytes overexpressing Akt1 E17K or Akt2 E17K mimicked that of insulin-stimulated control cells (Fig.  3C ). The effect of the E 17 K mutation documents that enhanced PM targeting of either Akt isoform is sufficient to induce GLUT4 translocation and overcome the Akt2 isoform specificity in the regulation of GLUT4 trafficking. These data combined with the observations that neither WT Akt1 or the Akt chimeras were able to rescue the impairment in GLUT4 translocation in Akt2-knockdown adipocytes, despite being activated by insulin, establish that localized Akt activity at the PM is the critical determinant in Akt2 isoform-specific signaling to GLUT4 trafficking. Past studies have shown that activation of Akt by artificial membrane targeting (that is, PM association that is not determined by Akt PH domain) is sufficient to induce GLUT4 translocation to the PM of adipocytes (23, 24) . Our results advance the understanding of Akt regulation and control of GLUT4 translocation by demonstrating that it is the accumulation of activated Akt at the PM and not simply Akt activity that is required for GLUT4 translocation. Furthermore, our data combined with previous studies suggest that the ability of insulin to induce sustained PtdIP3 production (25) and Akt2 PM accumulation (Fig. 1H ) might represent a critical feature of insulin signaling to regulate GLUT4 trafficking.
Akt2 Specifically Regulates the RabGAP AS160 at the PM Environment.
An extension of our hypothesis is that enrichment at the PM should provide Akt2 enhanced access to a substrate(s) required for GLUT4 translocation. Previous studies have shown that Akt-mediated phosphorylation and inhibition of the RabGAP AS160 (also known as TBC1D4) is required for insulin-induced GLUT4 vesicle docking and fusion with the PM (26) (27) (28) . We next determined the contribution of Akt isoforms in insulinstimulated phosphorylation of AS160. Consistent with the spe- cific role of Akt2 in the control of GLUT4 trafficking, knockdown of Akt2 but not Akt1 blunted insulin-stimulated phosphorylation of AS160 (Fig. 4A) . Biochemical studies have shown that AS160 interacts with cellular membranes, including GLUT4 vesicles and, that insulin-induced AS160 phosphorylation can trigger its membrane dissociation (29) . This release of AS160 from membranes might relieve the inhibition of Rab proteins, including Rab10 that control GLUT4 translocation (28, 30) . We next characterized the role of Akt isoforms in the regulation of AS160 membrane targeting. To measure membrane associated AS160 we used a quantitative microscopy assay in which cells are detergent permeabilized before fixation to leak out soluble cytosolic contents (31) . Consistent with biochemical studies, AS160 association with cellular membranes was reduced by insulin-stimulation (Fig. 4B) . Importantly, the effect of insulin on AS160 membrane association was blunted by knockdown of Akt2 but not Akt1 (Fig. 4B) . Thus, Akt2 specifically regulates the phosphorylation and membrane release of AS160 in response to insulin, providing a molecular explanation for Akt isoformspecific signaling to GLUT4.
To investigate the site of interaction between Akt and AS160 in insulin-stimulated adipocytes, we examined in confocal microscopy the localization of AS160 and Akt isoforms in membrane compartments of permeabilized cells. In unstimulated adipocytes, both Akt1 and Akt2 partially colocalized with AS160 in vesicle structures throughout the cell (Fig. 4C) . Previous studies have shown that the dynamic association of Akt with discrete endosomal populations might be important for aspects of Akt signal transduction (31, 32) . However, we did not observe a significant increase in the colocalizations of Akt and AS160 upon insulin treatment in intracellular vesicles (Fig. 4C ). Unlike our results using TIRF microscopy in live cells (e.g., Fig. 1F ), in the permeabilized cell assay no accumulation of either Akt isoform at the PM was observed (Fig. 4C) . Because of the different lipid compositions of the PM and cytoplasmic membranes, permeabilization with saponin differentially affects the integrity and protein binding to those membranes. Therefore, these results suggest that the accumulation of Akt isoforms at the PM is dynamic and this association with the PM is not preserved in adipocytes permeabilized before fixation, consistent with previous observations in HeLa cells (31) . Consequently, both the dynamics of Akt association with the PM and the release of AS160 from membranes upon phosphorylation ( Fig. 4B) limit our ability to detect Akt and AS160 colocalization at the PM of insulin-stimulated permeabilized cells.
In an attempt to overcome the dynamic interaction of Akt and AS160 with cellular membranes, we used a phosphorylation deficient mutant of AS160 (AS160-4P) to stabilize the interactions of Akt2 and AS160 at cellular membranes. In this AS160 mutant 4 of the Akt phosphorylation sites are changed to alanines and its overexpression is known to inhibit GLUT4 translocation (26) . Consistent with our observation in Fig. 4B and recent biochemical data supporting that insulin-induced AS160 phosphorylation controls AS160 membrane association (29), insulin did not promote the release of AS160-4P from membranes of permeabilized adipocytes (Fig. 4D) . In serumstarved permeabilized adipocytes, both Akt1 and Akt2 display limited colocalization with AS160-4P in vesicle structures throughout the cell (11.8 Ϯ 1.7% Akt1 colocalization with AS160, 18.9 Ϯ 3.4% Akt2 colocalization with AS160), in patterns similar to those observed in cells coexpressing WT AS160 (Fig.  4 C and E) . Insulin stimulation induced a dramatic redistribution of AS160-4P to the PM environment. Importantly, in insulinstimulated adipocytes, Akt2 significantly accumulated at the PM along with AS160-4P, with little Akt2 remaining on other intracellular membranes (Fig. 4E, 69 .6 Ϯ 2.8% Akt2 colocalization with AS160-4P). The effect of AS160-4P was specific for Akt2 because there was only a minor redistribution of Akt1 to the PM in insulin-stimulated adipocytes coexpressing AS160-4P. A significant fraction of Akt1 remained at intracellular vesicles depleted of AS160-4P (Fig. 4E, 29 Ϯ 5% Akt1 colocalization with AS160-4P). The observation that Akt2 and AS160-4P colocalize at the PM environment of insulin-stimulated cells further supports our hypothesis that Akt2 accumulation at the PM facilitates regulation of downstream targets required for GLUT4 translocation. In sum, our findings show that the distinct insulin-induced PM accumulation of Akt2 is translated into a differential regulation of AS160 by the Akt isoforms. The specific regulation of AS160 phosphorylation and membrane association by Akt2 provides a molecular link for Akt2 specificity in the regulation of GLUT4 trafficking.
Our data reveal that extracellular stimuli can induce the In vitro Akt activity assay-3T3-L1 adipocytes expressing Flag-tagged Akt constructs were starved in SF-DMEM for 2-4 h. After insulin stimulation, Flag-tagged Akt constructs were immunoprecipitated using anti-Flag M2 antibody. Immunocomplexes were assayed for Akt activity using reagents and following the protocol provided by Cell Signaling Technologies. For detailed information see SI Text.
GLUT4 Translocation.
The HA-GLUT4-GFP reporter contains an exofacial HA epitope, therefore the increase of HA-GLUT4-GFP at the PM is measured as an increase in HA epitope fluorescence in nonpermeabilized cells. HA-GLUT4-GFP translocation has been described in detail (35) . For rescue experiments cells were coelectroporated with Akt2 specific siRNA and plasmids encoding HA-GLUT4-GFP and Flag-tagged Akt constructs. After staining with anti-HA antibody in nonpermeabilizing conditions, cells were incubated with anti-Flag epitope antibody in PBS-5% calf serum-250 m/mL saponin to assess coexpression of GLUT4 and Akt constructs. Determination of Membrane Bound AS160 in Intact Cells. 3T3-L1 adipocytes were electroporated with plasmids encoding Flag-tagged AS160 (wild type or AS160 -4P mutant) and HA-GLUT4-GFP in combination with control, Akt1 or Akt2 specific siRNA. Forty-eight hours after electroporation cells were starved for 2-4 h in serum free DMEM followed by 15 min insulin stimulation. Cells were washed with cold Media 1 and permeabilized with Pipes 80 mM (pH 6.8), EGTA 5 mM, MgCl2 1 mM, saponin 0.05% for 1min to leak out the cytosolic contents (31, 36) . Cells were fixed in 3.7% formaldehyde and stained with anti-Flag antibody to detect membrane-bound AS160. To asses total expression of the constructs some dishes were fixed without permeabilization. Samples were imaged in epifluorescence mode. The average fluorescence intensity of Flag-tagged AS160 was normalized to the average fluorescence intensity of GLUT4 for each sample. The membrane bound fraction of AS160 was determined by the ratio between AS160 normalized fluorescence intensity in permeabilized versus nonpermeabilized cells.
Statistics Analysis. Student's paired t test and ANOVA test were used for data statistical analysis as noted.
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SI Methods
Antibodies and siRNA-Antibodies against phospho-Akt (Ser   473 and Thr 308 ), pGSK3␣/␤ (Ser 21/9), Akt, Akt2, were from Cell Signaling Technologies (Beverly, MA). Antibodies against Akt1 and protein A/G PLUS agarose beads were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse and rabbit anti-Flag epitope antibody was from Sigma-Aldrich. Anti-AS160 and anti-phosphoAS160 (Thr-642) antibodies were from Upstate Biotech. Mouse anti-HA epitope monoclonal antibody was purified from ascites (Covance, Berkley, CA) by using a protein G affinity column (Amersham Bioscience, Uppsala, Sweden). Fluorescent secondary antibodies were purchased from Jackson Immunolabs, Inc. (West Grove, Pennsylvania) and Invitrogen. The targeting sequences used to knockdown murine Akt isoforms were Akt1: CCCAGAACAATTAGATTCATGTAGA; Akt2: CACAGGACACAAGCATGGCCGTCAT; control: AT-GTCACGGCGTACGTTCCTGTGTG. Stealth siRNAs were purchased from Invitrogen.
Molecular Cloning. Full length wild type mouse Akt1 and Akt2 cDNAs were subcloned into the vector pEGFP-N1 (BD Clontech Bioscience) by using the EcoRI/BamHI sites to obtain C terminus eGFP tagged Akt1 and Akt2. Full length wild-type mouse Akt1 and Akt2 cDNAs were subcloned into the vector Flag-CMV10 (Sigma) by using the sites HindIII/BamHI to obtain N terminus Flag tagged Akt1 and Akt2. The mutants E17K Akt1 and Akt2 were generated by site directed mutagenesis from the templates GFP or Flag tagged Akt1 and Akt2 cDNAs using the Quickchange system (Stratagene). The following Akt fragments were generated by PCR amplification from Akt1 and Akt2 cDNAs and subcloned into pEGFP-N1 vector: PHL-Akt1-GFP (Akt1, amino acid 1-149); PHL-Akt2-GFP (Akt2, amino acid 1-151); Akt12-GFP (Akt1 amino acid 1-149 fused to Akt2 amino acid 152-481); Akt21-GFP (Akt2 amino acid 1-151 fused to Akt1 amino acid 150-480). The chimeras Akt12 and Akt21 were also subcloned into the vector Flag-CMV10 to obtain N terminus Flag-tagged Akt12 and Akt21. N terminus Flag-tagged Akt1, Akt2, Akt12, Akt21 cDNAs were amplified from the FlagCMV10 backbone and subcloned into the retroviral vector pBABE-Hygro using the sites BamHI/ EcoRI. All construct sequences were verified by automated DNA sequencing.
Cell Culture, Adipocyte Differentiation and Retroviral Infection and
Electroporation. 3T3-L1 fibroblast were cultured, differentiated into adipocytes and electroporated as described in ref. 1 . All experiments were performed on day 5 or 6 after differentiation. Akt constructs were subcloned into the retroviral vector pB-ABE-Hygro and used to create stably expressing 3T3-L1 cells. For transient Akt knockdown, 3T3-L1 adipocytes were electroporated with siRNA (4 M), and experiments were performed 48 h after electroporation.
Immunoblot Analyses and Immunoprecipitation. 3T3-L1 adipocytes were starved in serum-free DMEM with 20 mM of sodium bicarbonate, 20 mM Hepes (pH7.2) (SF-DMEM) at 37C in 5%CO 2 /air for at least 2h before all experiments. After insulin treatments, 3T3-L1 adipocytes were washed with 150 mM NaCl, 20 mM Hepes, 1 mM CaCl2, 5 mM KCl, 1 mM MgCl2 (pH 7.2) (Media 1) and lysed in Laemmli buffer. Cells were harvested by scraping and cell lysates were sheared through a Q26G5/8 syringe. For immunoblot analyses cellular proteins were resolved in SDS/PAGE, transferred to nitrocellulose membranes, and probed with antibodies using protocols provided by the suppliers. For immunoprecipitation, 3T3-L1 adipocytes expressing Flag-tagged Akt1 or Akt2 were starved for 2 h followed by stimulation with 10 nM insulin. Cells were harvested by scrapping in 50 mM Tris-HCl, pH 7.4, NaCl 150 mM, 1% Igepal, 0.25% sodium deoxycholate, 1 mM EDTA, 2 mM sodium orthovanadate, 1 mM NaF and protease inhibitors mixture (Pierce) and centrifuged at 10,000 ϫ g for 15 min at 4°C. Aliquots of cell homogenates were incubated with M2 monoclonal antibody against the Flag epitope (4 g/ml) for 1 h at 4°C. Protein A/G-Sepharose beads were added to the supernatant, incubated overnight at 4°C and washed extensively with lysis buffer. Bound immune complexes were eluted by boiling in Laemmli sample buffer, resolved by SDS/PAGE on 10% gels, and transferred onto nitrocellulose membranes. Immunoblots were probed with primary antibodies using protocols provided by the suppliers; antidoby biding was detected using enhanced chemiluminescence (Supersignal West Pico, Thermo Scientific). Densitometric analyses of the immunoblots were performed using a ChemiImager 4000 (Alpha-Innotech).
In Vitro Akt Activity Assay. 3T3-L1 adipocytes expressing Flagtagged Akt constructs were starved in SF-DMEM for 2-4 h. After insulin stimulation, adipocytes were washed with Media 1 and lysed in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EDTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, 1 mM Na3VO4, protease inhibitors mixture (Pierce). Cell lysates were centrifuged and supernatants incubated with mouse anti-Flag M2 antibody (4 g/ml) and Protein A/G-Sepharose beads overnight at 4C. Flag tagged Akt immunocomplexes were washed twice with lysis buffer and twice with kinase reaction buffer (25 mM Tris (pH 7.5), 5 mM ␤-glycerophosphate, 2 mM DTT, 0.1 mM Na3VO4, 1 g/ml leupeptin. Immunocomplexes were next incubated in kinase buffer supplemented with ATP (0.2 mM) and GSK3␤ fusion protein (10 g/ml, Cell Signaling Technologies) for 30 min at 30 C. The reaction was terminated by adding 2x Laemmli buffer. Samples were analyzed by Western blotting to asses GSK 3␤ fusion protein phosphor ylation using an antiphosphoSer9-GSK3␤ antibody. In the same samples total Akt, phospho-T308Akt and phospho-S473Akt were determined by Western blot analysis using specific antibodies.
Fluorescence Quantification. Fluorescence microscopy was performed using a DMIRB inverted microscope (Leica Microsystems, Deerfield, IL), with a cooled charge-coupled device camera (Princeton Instruments, Trenton, NJ). Images were collected with a 40 ϫ 1.25 numerical aperture oil-immersion objective. MetaMorph software (Universal Imaging, West Chester, PA) was used for image processing and quantification as described in ref. 2. Confocal microscopy was performed using a Nikon TE2000 spinning disk confocal microscope equipped with a charge-coupled device camera (Hamamatsu). Images were collected with a 60X oil-immersion objective (N.A.1.49). Improvision Volocity acquisition and analysis software and MetaMorph software were used to collect and process the images and pictures were assembled using Adobe Illustrator. The colocalization of Akt and AS160-4P was determined using MetaMorph software. Images were threshold to account for total Akt and AS160 fluorescence. Four different confocal planes were analyzed per cell and the average Akt-AS160 colocalization values were determined. Values shown are the average of n ϭ 7-20 cells.
Total Internal Reflection Fluorescence (TIRF) Microscopy. For live cell TIRF microscopy studies, cells were allowed to equilibrate on the microscope stage equipped with a temperature controlled objective at 37°C for 30 min. Videos were acquired at a rate of one frame per minute. To quantify the insulin-induced recruitment of Akt constructs to the vicinity of the PM, TIR fluorescence in each frame was quantified, background was subtracted and values were normalized to TIR fluorescence at time 0 and plotted as a function of time. In some cases epifluorescence and TIRF images of cells in basal conditions were acquired. The GFP fluorescence in the TIRF mode was divided by the GFP epifluorescence intensity, normalizing the TIRF fluorescence for the total GFP tagged-Akt construct expressed per cell. To measure Akt accumulation to the PM in adipocytes stably expressing Flag-Akt1 or Flag-Akt2 cells were stained with an anti-Flag antibody followed by secondary antibody conjugated to Alexa488. The anti-Flag fluorescence in the TIRF mode was divided by the anti-Flag epifluorescence intensity. Images were corrected for background fluorescence measured in cells that did not express Flag-Akt constructs.
Movies were generated using MetaMorph software and edited in Adobe After Effects software. Movie S1
Movie S1. Video time-lapse TIRF microscopy of Akt1-GFP in 3T3-L1 adipocytes. The videos were acquired at a rate of one frame per minute. Insulin (10 nM) was added as noted. The movie is displayed at 5 frames/sec. Fluorescence intensity was normalized to that of the start frame of the image sequence.
Movie S2
Movie S2. Video time-lapse TIRF microscopy of Akt2-GFP in 3T3-L1 adipocytes. The videos were acquired at a rate of one frame per minute. Insulin (10 nM) was added as noted. The movie is displayed at 5 frames/sec. Fluorescence intensity was normalized to that of the start frame of the image sequence.
